1 Laboratory for Physiological Chemistry, Utrecht University, Universiteitsweg 100, 3584 CG Utrecht, The Netherlands and tains the DNA-binding domain and is sufficient to function 2 Structural Biology Programme, European Molecular Biology in adenovirus DNA replication in vitro (Ariga et al., Laboratory, D-69012 Heidelberg, Germany 1980; Friefeld et al., 1983; Tsernoglou et al., 1985) . The 3 Corresponding author adenovirus DNA polymerase (pol) forms a complex with the precursor terminal protein (pTP) that serves as a primer In contrast to other replication systems, adenovirus during initiation. During initiation, the first nucleotide, a DNA replication does not require a DNA helicase to dCMP residue, is covalently coupled to pTP. Initiation is unwind the double-stranded template. Elongation is stimulated by two cellular transcription factors, nuclear dependent on the adenovirus DNA-binding protein factor I (NFI) and Oct-1 (for reviews, see van der Vliet, (DBP) which has helix-destabilizing properties. DBP 1991 DBP , 1995 . Initiation of replication starts at position 4 binds cooperatively to single-stranded DNA (ssDNA) of the linear template, followed by formation of a trinucleoin a non-sequence-specific manner. The crystal structide intermediate, pTP-CAT (King and van der Vliet, ture of DBP shows that the protein has a C-terminal 1994). This pTP-CAT intermediate jumps back to position extension that hooks on to an adjacent monomer which 1-3 of the template strand. Elongation proceeds via a results in the formation of long protein chains. We strand displacement mechanism. show that deletion of this C-terminal arm results in a DBP has several functions during adenovirus DNA monomeric protein. The mutant binds with a greatly replication. It stimulates initiation indirectly by increasing reduced affinity to ssDNA. The deletion mutant still the binding of NFI (Cleat and Hay, 1989 ; Stuiver and van stimulates initiation of DNA replication like the intact der to the origin and directly by lowering the DBP. This shows that a high affinity of DBP for ssDNA K m for dCTP (Mul and van der Vliet, 1993) . Furthermore, is not required for initiation. On a single-stranded DBP plays an essential role during elongation. DBP template, elongation is also observed in the absence of enhances the processivity of the polymerase (Lindenbaum DBP. Addition of DBP or the deletion mutant has no et al., 1986) and, by cooperative binding to the displaced effect on elongation, although both proteins stimulate strand, it protects it from nuclease digestion. Strand initiation on this template. Strand displacement syndisplacement synthesis does not require a helicase and is thesis on a double-stranded template is only observed ATP independent (Pronk et al., 1994) . Since DBP has in the presence of DBP. The mutant, however, does not been shown to have helix-destabilizing properties support elongation on a double-stranded template. The (Monaghan et al., 1994; Vliet, unwinding activity of the mutant is highly reduced 1994), it has been suggested that DBP is required to unwind compared with intact DBP. These data suggest that the double-stranded template. Finally, DBP enhances the protein chain formation by DBP and high affinity renaturation of complementary displaced strands binding to the displaced strand drive the ATP-inde- (Zijderveld et al., 1993) . pendent unwinding of the template during adenovirus
The crystal structure of the C-terminal part of DBP DNA replication.
Introduction
protein chains via the C-terminal hook (Kanellopoulos et al., 1995, and in preparation) . This hook is clearly not The single-stranded DNA-binding protein DBP is expresdirectly involved in DNA binding. In agreement with sed in large amounts in adenovirus-infected cells. DBP is deductions based on the uncomplexed DBP structure, this essential for DNA replication (for reviews, see Chase and preliminary analysis of the crystals of DBP in complex Williams, 1986; Hay et al., 1995; van der Vliet, 1995) with (dT) 16 (Kanellopoulos et al., 1995) shows that sheet and is involved in many steps in the viral life cycle, like 3 and the loop region containing residues 450-467 are in transformation (Ginsberg et al., 1974) , transcriptional control (e.g. Cleghon et al., 1989; close proximity to electron density that can be interpreted acid long C-terminal arm and a hydrophobic pocket of the adjacent DBP molecule in the protein chain (Tucker et al., 1994; Kanellopoulos et al., 1996) ( Figure 1A ). To study whether chain formation is essential for the function of DBP, we expressed the intact DNA-binding domain (ΔN-DBP) and the DNA-binding domain with the Cterminal extension deleted (ΔNΔC-DBP) using the baculovirus expression system. The proteins were purified to near homogeneity as shown in Figure 1B . The oligomeric state of the proteins was studied by electron microscopy using negatively stained specimens (Figure 2 ). The intact DBP and ΔN-DBP formed small aggregates. Deletion of the C-terminal arm abolished multimerization, and very small particles, probably corresponding to a distribution of monomeric protein molecules, were observed. DBP, ΔN-DBP and ΔNΔC-DBP were also tested for their polydispersity in the absence of DNA by dynamic light scattering. In the case of intact DBP and ΔN-DBP, the photon counts were extremely high and no accurate estimation of the particle size or molecular weight could be made. This clearly indicates that these two proteins are polydisperse in solution. ΔNΔC-DBP, however, is monomeric in solution, with the hydrodynamic radius of the particles in a concentrated protein solution corresponding to that expected for a monomer (not shown). were detected without intermediate complexes. In contrast to the intact DBP, no binding of ΔNΔC-DBP to dsDNA as DNA (Kanellopoulos et al., in preparation) . This area was observed (not shown). The C-terminal arm is involved of the protein contains several well conserved positively in most protein-protein interactions between two adjacent charged residues that may interact with the phosphate monomers and therefore it was surprising that deletion of backbone. In the proximity of this sheet, several hydrothis arm did not abolish cooperative binding. This may phobic residues are found that can stack with the bases indicate that upon DNA binding, protein-protein interof the ssDNA.
actions that do not involve the C-terminal arm are formed In this study, we analyzed the requirement for multimeras a result of structural changes in the DBP molecule or ization of DBP for its function in adenovirus DNA that these interactions are stabilized by DNA binding. It replication. Deletion of the C-terminal arm abolished chain is clear, however, that deletion of the C-terminal arm formation by DBP. Analysis of this deletion mutant abolishes chain formation in the absence of DNA and this provides evidence that oligomerization and, consequently, results in a highly reduced affinity for ssDNA. high affinity binding to ssDNA is required for unwinding double-stranded templates during strand displacement syn-ΔNΔC-DBP can perform some but not all functions thesis, whereas for initiation of replication monomeric of DBP during DNA replication DBP is sufficient. Since many helix-destabilizing proteins,
The effect of deletion of the C-terminal arm on the like phage T4 gp32, herpes simplex virus ICP8 and phage function of DBP was tested in an in vitro replication φ29 p5, form oligomers on DNA, multimerization and system containing purified pTP-pol and XhoI-digested cooperative binding to DNA may be a more general Ad5 terminal protein containing DNA. As shown in Figure  mechanism to drive unwinding of DNA duplexes.
4A, wild-type DBP supported the preferential labeling of the two origin-containing restriction fragments (indicated
Results
as the B and C fragments). Baculovirus-expressed ΔN-DBP also stimulated origin-specific replication, in agreeThe C-terminal arm of DBP is required for ment with earlier results obtained with proteolytic oligomerization fragments of DBP containing the C-terminal domain The crystal structure of DBP shows that oligomerization by DBP is caused by interactions between the 17 amino (Ariga et al., 1980; Friefeld et al., 1983; Tsernoglou et al., due to the fact that the salt concentration may not exceed 55 mM. DBP has multiple functions in DNA replication, during initiation as well as during elongation. To examine whether ΔNΔC-DBP was able to perform one of these functions or whether it was impaired in both steps, the activity of ΔNΔC-DBP was tested in the presence of a suboptimal concentration (25 ng) of intact DBP. This low amount of DBP was not sufficient to support originspecific replication by itself (compare lane 1 of the lower panel of Figure 4A with lanes 2 and 3 of the upper panel).
If ΔNΔC-DBP is defective in some but not all functions, the intact DBP might complement the replication defect. Indeed, in the presence of 25 ng of intact DBP, originspecific replication was stimulated by ΔNΔC-DBP ( Figure  4A , lower panel, lanes 9-16). Similar results were obtained when low concentrations of ΔN-DBP were added instead of intact DBP (data not shown). The single-stranded DNAbinding protein (SSB) of bacteriophage T4, gp32, did not stimulate replication in the presence or absence of DBP, which indicates that the effects of ΔNΔC-DBP are specific These results show that DBP performs multiple functions during in vitro replication and that ΔNΔC-DBP can per-1985). Since the ΔN-DBP preparation contained some form some but not all of these functions. nuclease activity, we were not able to add sufficient amounts of ΔN-DBP to obtain optimal levels of replication.
Level of stimulation of initiation by DBP depends Therefore, the intact DBP was used instead of ΔN-DBP on the pTP-pol concentration in the experiments described below. Deletion of the The role of DBP in initiation of replication has been the C-terminal extension from ΔN-DBP had a drastic effect subject of some debate. Various levels of stimulation by on replication ( Figure 4A , upper panel, lanes 9-16). Not DBP have been described (Nagata et al., 1982 ; Rosenfeld only were much higher concentrations required for labeling et al., 1987; Stuiver and van der Vliet, 1990 ; Mul and of the DNA but, more importantly, the origin-containing van der Vliet, 1993). Figure 5 shows that at the low pTP-B/C fragments were not labeled preferentially. The affinity pol concentration we used here to study replication (Figure of ΔNΔC-DBP for ssDNA is 100-fold lower compared 4), DBP strongly stimulates initiation. At this concentration with intact DBP. We could not, however, add 100 times more ΔNΔC-DBP than intact DBP in a replication assay of pTP-pol, we did not detect any initiation in the absence 
ΔNΔC-DBP stimulates initiation
As shown in Figure 4 , ΔNΔC-DBP only stimulates DNA replication in the presence of suboptimal amounts of intact DBP, suggesting that it is not active either in initiation or in elongation. The effect of DBP and ΔNΔC-DBP on initiation was tested at two pTP-pol concentrations. As a negative control we tested gp32. ΔNΔC-DBP stimulated initiation up to 8-fold at the lowest pTP-pol concentration (10 nM), but stimulation dropped to 3-fold when the pTPpol concentration was raised ( Figure 6 ). The level of stimulation was slightly lower compared with intact DBP. 
ΔNΔC-DBP stimulates formation of the pTP-CAT intermediate but is defective in elongation
To test whether ΔNΔC-DBP also stimulates replication of DBP ( Figure 5 , compare lane 1 with lane 6). At higher concentrations of pTP-pol, initiation was also observed in after pTP-dCMP formation, replication was performed in the presence of all nucleotides except dGTP. Elongation the absence of DBP. However, the level of stimulation dropped from 10-fold at 10 nM pTP-pol to 2-fold at then stops at position 26 of the template. Under these conditions, the pTP-CAT intermediate is also detected 80 nM pTP-pol. These results may explain the different values of stimulation of initiation by DBP reported in the (King and van der Vliet, 1994) . Figure 7 shows that ΔNΔC-DBP stimulates pTP-CAT formation since the smallest literature. We conclude that under in vitro replication conditions, and in the absence of NFI and Oct-1, DBP is replication product that runs at the same position as pTPdCMP can be labeled with dCMP, dAMP and dTMP. required for high levels of initiation.
Discussion
Deletion of the C-terminal extension results in a monomeric protein DBP and ΔN-DBP form multimers already in the absence of DNA, as shown by the crystal strucure (Tucker et al., 1994; Kanellopoulos et al., 1996) , dynamic light scattering and electron microscopy. Cooperative binding by DBP is thought to be the result of these strong protein-protein interactions. Deletion of the C-terminal arm results in a monomeric protein. However, DNA binding by this protein is still cooperative since only free or fully saturated DNAprotein complexes are observed in a gel retardation assay. This indicates that protein-protein interactions can still occur although these interactions are too weak to be observed in the absence of DNA. Based on the crystal directly involved in DNA binding. Therefore, the 100-fold lower affinity for ssDNA is probably caused by a reduced cooperativity. Using bacterially expressed GST At this pTP-pol concentration, DBP and ΔNΔC-DBP fusion proteins, we have shown previously that deletion stimulated pTP-CAT formation 2-to 3-fold. DBP lowers of the C-terminus results in non-cooperative binding the K m for dCTP during initiation (Mul and van der Vliet, (Tucker et al., 1994) . The difference from the results that 1993) and therefore stimulates especially at very low are presented here may be caused by the presence of the dCTP concentrations. The level of stimulation of initiation GST part which perhaps interferes with the weak proteinin this experiment is low since we used 1 μM (instead of protein interactions between ΔNΔC-DBP monomers. 0.05 μM in Figures 5 and 6 ) of each nucleotide in order
Multimerization via the C-terminal arm is clearly required to obtain the same specific activity in each panel and to for high affinity binding to ssDNA. Besides the C-terminal be able to observe elongation. Elongation to position 26 hook, other parts of the protein are probably also involved (pTP-26N) was absolutely dependent on DBP. At the in protein-protein interactions. highest concentration of DBP tested, 15% of the pTP-CAT formed was elongated. ΔNΔC-DBP, however, did not stimulate pTP-26N formation at all. This shows that Stimulation of initiation does not require the C-terminal arm of DBP ΔNΔC-DBP is defective in elongation.
DBP stimulates initiation of replication in two ways. At subsaturating concentrations of NFI, DBP enhances the DBP is not required for elongation on a single-stranded template binding of NFI to the origin, which results in increased levels of initiation (Cleat and Hay, 1989; Stuiver and van Adenovirus DNA replication employs a double-stranded template, but it can also be observed on ssDNA. Figure  der Vliet, 1990). DBP also stimulates initiation directly by lowering the K m for incorporation of dCTP (Mul and 8 shows a replication assay performed on a single-stranded origin. Also in the absence of DBP, elongation until van der Vliet, 1993). We show here that the level of stimulation also depends on the concentration of the pTPposition 26 is observed. Addition of DBP resulted in an increased level of initiation, but the percentage of pTPpol complex. At a pTP-pol concentration of 5 nM, which is the concentration used for the complete replication dCMP molecules that were elongated did not change. ΔNΔC-DBP also stimulated initiation, although not as reaction, no initiation is observed in the absence of DBP. Addition of DBP strongly stimulates pTP-dCMP strongly as DBP. No difference in the percentage of molecules that were elongated was observed. As a negative formation. At higher pTP-pol concentrations, stimulation drops from 10-fold to 3-fold. Deletion of the C-terminal control gp32 was used. This protein did not have an effect on the levels of initiation and elongation. These results arm only has a small effect on the level of stimulation of initiation. ΔNΔC-DBP stimulates 8-fold and this level show that DBP is only required for elongation on doublestranded templates.
dropped to 3-fold when the pTP-pol concentration was raised. It is unlikely that high concentrations of pTP-pol somehow squelch the activity of DBP, since DBP is ΔNΔC-DBP has a reduced helix-destabilizing activity always present in large molar excess. Stimulation of initiation by NFI and Oct-1 depends in a similar manner The unwinding activity of ΔNΔC-DBP was tested. Figure  9 shows the unwinding of an 11 bp dsDNA molecule with on the pTP-pol concentration (Mul et al., 1990) . This is explained by the fact that these proteins interact with pTPa four base overhang on each strand. ΔNΔC-DBP could unwind this dsDNA molecule, but the activity was at least pol (Bosher et al., 1990; Mul and van der Vliet, 1992; Coenjaerts et al., 1994) and recruit the complex to the 15 times lower compared with ΔN-DBP. The low helixdestabilizing activity of ΔNΔC-DBP correlates with the origin. This suggests that DBP may also interact with pTP-pol. Indirect evidence for a protein-protein interaction elongation defect of the mutant on double-stranded templates and provides evidence that the helix-destabilizing between pTP-pol and DBP has been obtained (Lindenbaum et al., 1986 ), but we and others have not been able to activity of intact DBP is required to unwind the DNA during strand displacement synthesis.
detect a direct interaction (data not shown). Perhaps the -30) . The pTP-pol concentration was 15 nM. The amounts of DBP and ΔNΔC-DBP added were 0, 62, 125, 250 and 500 ng. Fig. 9 . ΔNΔC-DBP has a low helix-destabilizing capacity. Unwinding DBP. Initiation and partial elongation were tested on a 30 nucleotide of a 11 bp double-stranded probe with 5Ј extensions of four long single-stranded template strand of the origin (250 ng) with 50 nM nucleotides was tested under replication conditions. The highest pTP-pol. The amounts of DBP, ΔNΔC-DBP and gp32 were 0, 125, concentration of DBP and ΔNΔC-DBP was 1200 nM (1700 and 250, 500 and 1000 ng. 1000 ng respectively). The percentage of DNA that was unwound was calculated and plotted.
Fig. 8. Elongation on a single-stranded template is independent of
interaction is very transient or DNA dependent. A direct protein-protein interaction between pTP-pol and DBP would explain the stimulatory effect of ΔNΔC-DBP during initiation and the fact that other SSB proteins, like gp32, 1994). We show that DBP is only required for elongation on a double-stranded template. On a single-stranded temcannot substitute for DBP. After pTP-dCMP formation, a trinucleotide intermediate is formed, pTP-CAT. Both DBP plate elongation is also observed in the absence of DBP, and addition of DBP does not enhance the level of and ΔNΔC-DBP stimulate pTP-CAT formation to an extent similar to pTP-dCMP formation, which shows that addition elongation. Together with the observation that ΔNΔC-DBP has a 15-fold lower unwinding activity and does not of the second and third nucleotide does not require DBP. Since deletion of the C-terminal arm results in a 100-fold support elongation on a double-stranded template, this provides strong evidence that the unwinding activity of lower affinity for ssDNA, it is unlikely that DNA binding by DBP is required for stimulation of initiation.
DBP is required for elongation. ΔNΔC-DBP stimulates origin-specific replication only when a subsaturating amount of intact DBP is present. Based on our results, DBP is required to unwind the template during elongation we conclude that in this mixing experiment ΔNΔC-DBP only functions during initiation while the intact DBP is DBP is required for strand displacement synthesis (Friefeld et al., 1983; Prelich and Stillman, 1986) . In the presence required for elongation. In the presence of ΔNΔC-DBP, the small amount of DBP required to observe originof DBP, the polymerase becomes highly processive (Lindenbaum et al., 1986) and the sensitivity for inhibitors specific replication cannot be replaced by other SSB proteins like gp32 or the phage φ29 P5 protein (data not like (S)-HPMPApp is increased (Mul et al., 1989) . Based on the fact that no helicase activity or ATP is required shown), which indicates that cooperative and high affinity binding to ssDNA is not sufficient for strand displacement during replication and the observation that DBP can unwind double-stranded molecules up to 200 bp, it was synthesis. This suggests that there is a specific interaction between DBP and the adenovirus DNA polymerase during suggested that DBP is involved in unwinding of the template during replication (Zijderveld and van der Vliet, elongation. . We show here that ssDNA is required besides a specific functional interaction 0.1 mM PMSF, 0.02% NP-40, 20% glycerol and 100 mM NaCl. The between DBP and the adenovirus polymerase.
column was washed with the same buffer and developed with a linear gradient of 100-500 mM NaCl. ΔN-DBP eluted at~300 mM NaCl. Intact DBP was purified from adenovirus-infected HeLa cells as
Multimerization and cooperative DNA binding of described previously (Dekker et al., 1996) . 
helix-destabilizing proteins may be a general

DNA requires removal of the C-terminus (Hosoda et al.,
To remove nucleases, the proteins that eluted from the ssDNA-cellulose 1974), which does not affect cooperative DNA binding.
column were applied to a heparin cartridge (Bio-Rad) as described ICP8, the SSB of herpes simplex virus, forms long above. Under these conditions, ΔNΔC-DBP did not bind to the column while the nuclease activity was retained on the column. Subsequently, filaments in solution (O'Donnell et al., 1987) . It binds the ΔNΔC-DBP was applied to ssDNA-cellulose via a batch binding ssDNA in a highly cooperative fashion and unwinds procedure in a buffer containing 25 mM HEPES-KOH (pH 8.0), 1 mM duplex DNA (Boehmer and Lehman, 1993) . Not all SSB DTT, 0.1 mM PMSF, 0.02% NP-40, 20% glycerol and 100 mM NaCl.
proteins form oligomers in the absence of DNA. The SSB
The resin was then packed into a column and washed with the same buffer. ΔNΔC-DBP was eluted with the same buffer containing 400 of bacteriophage φ29, P5, and the eukaryotic heterotrimeric The pTP-pol complex was purified as described (King and van der Vliet, et al., 1994; Kim and Wold, 1995) . These proteins unwind 1994). Terminal protein containing adenovirus DNA was obtained as described (Dekker et al., 1996) . gp32 was obtained from Boehringer DNA (Georgaki et al., 1992; Soengas et al., 1995; Treuner Mannheim. P5 was a gift from M.S. Soengas and M.Salas. et al., 1996) , and in the case of P5 it was suggested that this was driven by the cooperativity. Therefore, other helix- albumin (BSA), 0.05 ng of denatured DNA and the indicated amounts of proteins. Bound and free DNA were separated on a 6% polyacrylamide gel at 4°C in a running buffer containing 0.5ϫ TBE and 0.01% NP-40. Gels were dried and quantified by densitometric analysis using a
Materials and methods
Phosphorimager.
Construction of DBP mutants
The intact DNA-binding domain of Ad5 DBP (ΔN-DBP: amino acids DNA unwinding assay DNA unwinding was studied using a double-stranded oligonucleotide 174-529) was expressed using a baculovirus expression system (Kanellopoulos et al., 1995) . The DNA-binding domain lacking the containing 11 bp and a four nucleotide single-stranded extension at each 5Ј end. Two oligonucleotides with the sequences: 5ЈAATTCTACCGCCT-purified pTP-pol, and Hans van Leeuwen and Marian Walhout for critical reading of the manuscript. This work was supported in part by the CC3Ј and 5ЈAATTGGAGGCGGTAG3Ј were hybridized and the doublestranded oligonucleotide was labeled at the 5Ј end by T4 
